Anodic polarization testing of SUS304 stainless steel was carried out in an aqueous solution of 3.5 mass% NaCl at a potential increasing at a constant rate of 20 mV/min. When the current density reached 2, 10 or 50 A/m 2 within the pitting corrosion region, the potential was kept at a constant value for 600 s at each current density. The ultrasonic wave (UW) was applied to the specimen from the beginning of test or just after the current density reached one of these constant values. The current density in these cases was compared with that without the application of UW. The results indicated that when the UW was applied from the beginning of test the current density was not affected by the application of UW in both the cathode and passive regions, but the increase in current density was suppressed by UW when the potential was kept at the constant value after the current density reached 10 or 50 A/m 2 . Also when the UW was applied just after the current density reached 2, 10 or 50 A/m 2 and the potential was kept at the constant value, the increase rate of current density was reduced by the application of UW. At the same time, the number and size of pits were decreased by the application of UW. The reason for the decrease in pitting corrosion was considered to be that UW destroyed the corrosion product on pits and the stirring effect of UW decreased the concentration of hydrogen and chloride ions in the pits, which accelerated the formation of a passive film on the pit wall.
Introduction
The high corrosion resistance of stainless steels originates from the formation of passive film on the surface. However, the pitting corrosion often occurs when the passive film is locally broken down by the chloride ions in solutions. The pit growth is always accompanied by corrosion product covering them and it accelerates the pit growth by promoting the accumulation of hydrogen and chloride ions in the pits, i.e., the hydrogen ions are produced in the anodic and hydrolysis reactions in pits and the chloride ions migrate from outside to neutralize the excessive positive charges.
1) The authors 2) had confirmed the corrosion product on a SUS304 stainless steel in NaCl aqueous solution using an atomic force microscope (AFM). However, after the scanning of AFM probe removed the corrosion products, the growth rate of pits became small. 2) This was explained by the re-passivation of the inner walls of pits due to the decrease in hydrogen and chloride ions in pits by the stirring effect of AFM probe.
Addition of chromium, molybdenum and nitrogen elements is known to be effective to improve the pitting resistance of stainless steels by promoting the formation and stabilization of compact passive film. [3] [4] [5] [6] [7] In these steels, the passive film is difficult to be broken down, and even if the passive film is broken down the pitting corrosion can be easily stopped by the re-passivation of pits. If there is a simple method to remove the corrosion product covering pits, the growth of pits will be suppressed even for the steels that do not contain much alloying elements above. It has been reported that the cavitations produced by the strong ultrasonic wave (UW) in liquid destroy the passive film and activate the corrosion reaction of steel surface. [8] [9] [10] Therefore, the UW can be used also to remove the corrosion products covering pits. However, the influence of UW on the growth of pitting on stainless steel in chloride solutions has not been examined. In this research, the UW was applied to the stainless steel surface in sodium chloride solution and the growth behavior of corrosion pits was investigated.
Experimental Method
The material used for specimens was commercially supplied solution-treated SUS304 stainless steel plate (composition: C: 0.05 mass%, Si: 0.63%, Mn: 0.90%, P: 0.032%, S: 0.002%, Cr: 18.05%, Ni: 8.10%, Fe: Bal.). The plate was cut to 15 mm Â 15 mm Â 1 mm rectangular specimens and one side was polished by #600 emery paper. The specimens were immersed in 10 mass% nitric acid solution at 333 K for 1.8 ks aiming at the formation of compact oxide film to prevent the crevice corrosion in the following pitting corrosion tests. The specimens were ultrasonically cleaned in acetone and the central area of ' ¼ 8 mm on the polished side was again polished by #800 emery paper. This central area was used as the test area and the remaining area was sealed with solidified liquid silicon gum.
Pitting corrosion tests were carried out using a corrosion cell attached with potentiostat apparatus (HAB-151, HOKU-TO. Co.) and an ultrasonic wave cleaner (Yamato Co., Branson 2510J-MTH, 100 W, 42 kHZ) as shown in Fig. 1 . The specimen was immersed in 3.5 mass% NaCl aqueous solution kept at 308 K. The counter electrode was platinum and the reference electrode was saturated calomel electrode (S.C.E.). The polarization was started from the cathode side (E S.C.E. ¼ À600 mV) to the anode side at a constant potential increasing rate of 20 mV/min under the control of the potentiostat. The current on the specimen surface was output to a data recorder. The procedure of polarization and the timing of applying UW in the polarization tests are schematically shown in Fig. 2 . With the linear increase in potential, the current changes from the cathode and passive zone to the pitting zone where the current density largely increases with small increase in potential. When the anodic current density reached a value of i 0 ¼ 2, 10 or 50 A/m 2 in the pitting zone, the potential was immediately held constant for 600 s. The UW (intensity: 3 Â 10 3 W/m 2 ) was applied in 3 types of conditions, i.e., (i) not applying UW (hereinafter it is called the condition A); (ii) applying UW simultaneously with the holding of potential (condition B); (iii) applying UW from the beginning to the end of the polarization (condition C). For each condition, at least 3 tests were carried out. Although the potential at the beginning of pitting corrosion is different in each specimen, the potential corresponding to the above constant current density was kept for 600 s in all conditions.
After the polarization tests, the corrosion-pits were observed by an optical microscope, and the total number, the surface area and the depth of pits were measured on each specimen. The depth of pits was obtained by focusing and moving the optical lens between bottom and surface of pits.
Results and Discussion
3.1 Effect of UW application on corrosion current density Figures 3, 4 , 5 show the polarization curves in the conditions A, B and C when the potential was held for 600 s after the anodic current density reached i 0 ¼ 2, 10 and 50 A/m 2 , respectively. For all the polarization curves, the current density changes from cathodic current to anodic one near the time t ¼ 1:5 ks (E ¼ À100 mV) irrespective of the Potential, E Current density, i application of UW. No significant difference is found in the corrosion potential and in the current density in cathodic zone, anodic passive zone between the condition A (without UW) and condition C (with UW from the beginning). This indicates that the UW does not break the passive film down, or the partially broken passive film has been easily repassivated. However, as is shown in Fig. 5 (condition C), an active anodic current peak appears in the passive zone. This means that the breakdown of passive film occurs by UW although it was observed only once for 20 tests.
Effect of UW was observed mainly in pitting region. In the condition A shown in Fig. 3(A) , when the anodic current density reached i 0 ¼ 2 A/m 2 at about t ¼ 2:5 ks and the potential (E ¼ 190 $ 230 mV) was held at a constant value, the current density slowly increased with time. Since the potential is in the pitting corrosion zone, the gradual increase in current density corresponds to the stable growth of pits. On the other hand, in the condition B with simultaneous holding of potential and applying of UW, two typical results were obtained. One is almost the same as that in the condition A, and another is that the current density sharply decreased to the passive current density level (Fig. 3(B) ). It ought to be the re-passivation of the broken passive film and the stop of the growth of pits. In the condition C, where UW was applied from the beginning of the polarization, no significant change of current density was found.
According to Fig. 4 , the time when the current density reaches i 0 ¼ 10 A/m 2 is about t ¼ 2:6 ks and the potential ranges between 200 $ 250 mV. In the condition A, the current density during the potential holding period increases faster than for i 0 ¼ 2 A/m 2 ( Fig. 3(A) ). In addition, the increase in current density in condition A (without UW) is much faster than the condition B and C (with UW).
As shown in Fig. 5 , after about t ¼ 2:7 ks from the beginning of the polarization, the anodic current density reaches i 0 ¼ 50 A/m 2 and the potential is about 300 $ 320 mV. The increase in current density during the holding of potential is larger than those in Fig. 3 and Fig. 4 , but the increase rate of current density is reduced by the application of UW.
In Fig. 3-Fig. 5 , only one polarization curve for each condition is shown and the influence of UW application on the pitting corrosion current density is not so clear because of the logarithmic scale of vertical axis. Figure 6 shows three representative anodic current vs. time curves during the holding of potential at constant values after the anodic current density reaches i 0 ¼ 2, 10 or 50 A/m 2 . Despite of the different i 0 , the increase rate of current density is smaller in the condition B than in the condition A under constant potential. In the condition C, the increase rate of current density is also smaller except in the case of i 0 ¼ 2 A/m 2 . Consequently, the growth of pits on stainless steel is suppressed by the UW application. Figure 7 (a), (b) and (c) show the specimen surfaces after holding of potential for 600 s at the current density of i 0 ¼ 2, 10 and 50 A/m 2 for three conditions. In the case of i 0 ¼ 2 A/ m 2 , only few pits are observed as are marked by arrows. It is clear from Fig. 7 that the density of pit becomes more when the current density i 0 and the increasing rate of current density during holding of potential are larger (Fig. 6) . Figure 8 shows the total area of pits and the electric charge density for each specimen. The electric charge density was calculated by integrating the current density during the 600 s holding of potential after the current density reached i 0 ¼ 2, 10, 50 A/m 2 . It corresponds to the dissolution amount of metal ions into solution. The electric charge density changes with the total area of pits almost in the same ratio, meaning that the pits grow both in the depth and radius direction. In the case of i 0 ¼ 2 A/m 2 , the total area of pits and the electric charge density in the conditions A (without UW) and C (with UW from the beginning) are almost the same, whereas those in the condition B (with UW from i 0 ¼ 2 A/m 2 ) is rather small. In the case of i 0 ¼ 10 or 50 A/m 2 , both the total area of pits and the electric charge density in the conditions B and C are much smaller than those in the condition A. Table 1 shows the total number of pits, the total area of pits and the calculated average area of each pit for 3 specimens in each condition. In the case of i 0 ¼ 2 A/m 2 , the total number of pits in the conditions A and B are almost the same. However, the total area of pits and the average area of each pit in the condition B are smaller than those in the condition A. Furthermore, the total number of pits in the condition C is more than that in the condition B, while the average area of each pit in the condition C is almost the same as that in the condition B. In the case of i 0 ¼ 10 or 50 A/m 2 , the total number of pits and the average area of each pit are small in the conditions B and C compared with those in the condition A. These mean that the decrease in the total area of pits by the application of UW is caused both by the decrease in the total number of pits and the decrease in the area of each pit.
Observation of specimen surface and calculation of electric charge density for pit formation
The relations between diameter and depth of pits in each current density and UW condition are plotted in Fig. 9 . No significant influence of UW application on the ratio of diameter to depth of pits can be found. Consequently, the shape of pits is not changed but their total number and growth rate are decreased by the application of UW.
According to the above analysis, small number and small size of pits are formed on the specimen surface before the current density reaches i 0 ¼ 2 A/m 2 . These pits grow with the nucleation of new pits during the following 600 s holding of potential. However, they grow slowly and the number of newly formed pits is small. When the UW is applied, it is possible that the growth of some pits is stopped by repassivation. Before the current density increases from 2 A/ m 2 to 10 A/m 2 , more and larger pits form on the surface and they become larger with the nucleation of new pits during the following 600 s holding of potential. When the UW is applied, the growth of pits is suppressed and the total number of newly formed pits is less compared with that in the case not applying UW. Before the current density reaches i 0 ¼ 50 A/m 2 , much more pits have already grown largely and some of them have connected with others. When the UW is applied, the growth of pits becomes slower, but the tendency to connect with each other still exists.
3.3 Mechanism of suppression of pit growth by the application of UW When the UW is applied to a specimen in a liquid, many fine bubbles are formed on specimen surface, and the collapse of the bubbles produces instantaneous local high pressure with shock wave. This phenomenon, cavitation, is widely used for cleaning, dispersion, cohesion, stirring and mixing of materials in liquid.
When the UW is applied to the stainless steel surface with growing corrosion pits, the growth rate of pits is decreased. The mechanism is schematically shown in Fig. 10 . When the UW is not applied, pits grow on the specimen surface (a) and corrosion product covers the pit (b). 1, 2) The growth of pit is accelerated due to the hydrogen ions produced by hydrolysis reaction and the chloride ions attracted from solution (c).
1)
When the UW is applied to the specimen surface, the corrosion product is removed by the cavitation of UW (b 0 ). The concentration of corrosive hydrogen ions and chloride ions decreases due to the stirring effect of cavitation, and the growth rate of pits decreases. Especially when the current Table 1 Total number of pits, total area of pits on three specimens and average area of each pit after polarization test. density before the application of UW is small and corrosion rate is small, the re-passivation can occur on the inner wall of pits (c 0 ). The potentials when the anodic current density reaches i 0 ¼ 2, 10 or 50 A/m 2 are almost the same regardless of the condition A (without UW) and C (with UW from the beginning of the polarization) or the number of nucleated pits. It might be attributed to that the change of resistance is small compared with that of the solution even if the corrosion product is removed and the concentration of hydrogen and chloride ions is decreased by the application of UW.
Ultrasonic wave application pattern
In the case of i 0 ¼ 2 A/m 2 , the current density sharply drops and increases during the holding time in the condition B but not in the condition C (Fig. 3) . Furthermore, the increase in current density with increasing holding time is larger in the condition C (Fig. 6 ). It should be attributed to the difficulty of re-passivation in the pits in the condition C, because the pit size is small and the accumulated corrosion product stably covers the pit to enrich the hydrogen and chloride ions inside. On the other hand, in the condition B, the corrosion product can be suddenly removed by the application of UW and the re-passivation occurs by the stirring effect. In the case of larger current density of i 0 ¼ 10 or 50 A/m 2 , the effect of UW application is large both in the conditions B and C. This can be resulted from the weak structure of the corrosion product that the diameter of corrosion product on the pit is large. Thus, the corrosion product can be easily removed by the UW application.
Except the above physical effect of UW application in solution, a chemical effect should also be considered. When the UW is applied to an aqueous solution, water can be decomposed to HÁ and OHÁ radicals, and the solution becomes weak acidic. 8) According to the report of Jana, 8) about 3 Â 10 21 /m 3 radicals are produced by the UW (frequency: 20 kHz, intensity: 1:9 Â 10 5 W/m 2 ) and four OHÁ transfer one Fe 2þ ion to one Fe 3þ . The frequency of the UW in this research was 40 kHz, and the intensity on the specimen surface is as smaller as about 3 Â 10 3 W/m 2 , and the application time is short. Therefore, the amount of radicals produced will be not large. However, it is possible that there is a contrary influence of radicals on the pitting corrosion behavior considering the breakdown of passive film by lowered pH solution by HÁ radical and the repassivation of the broken passive film by the OHÁ radical with strong oxidation ability.
Conclusions
SUS304 stainless steels were polarized in 3.5 mass% NaCl aqueous solution until pitting corrosion occurred on the surface. When the anodic current density reached i 0 ¼ 2, 10 or 50 A/m 2 , the potential was held at a constant value for 600 s. The changes of anodic current densities during the 600 s were investigated under the application of ultrasonic wave (UW). Specimen surface was observed after the polarization, and the total number of pits, the area of pits and the depth of pits were measured. The results obtained are as follows:
(1) The cathodic current, passive current and corrosion potential in the polarization curve were not almost changed by the application of UW. (2) When the anodic current density reached i 0 ¼ 2 A/m 2 and the potential was held at a constant value, the simultaneous application of UW resulted in a repassivation of pits. In the case of i 0 ¼ 10 or 50 A/m 2 , the application of UW resulted in the large reduction in the increasing rate of anodic current density as well as the total number and the area of total pits formed on specimens. 
